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SUMMARY 



Vibration tests of six-- and eight-blade tractor and 
seven- and ei ^-ht-blade piiiiher dual-rotating propellers 
were conducted in the Lan^'ley Memorial Aeronautical Lab- 
oratory le-foot hi^h-^speeci tunnel chiefly to determine 
the sevjrity of vibratio.iB excited by blade ;oassages, A 
pusher design vrith a wing located ahead of the propellers 
and displaced 50 percent of the propeller radius below 
thrust-axis level v;as simulated. Measurements of vibratory 
stresses of the propellers \^reve made for engine-speed ranges 
at lev/, intermediate, and high engine pov;ers. 

Pew propeller vibrations caused by blade passages were 
detected; those vibrations found were not serious^ Although 
there v;ere indications of vibrations excited by the wing, 
the vibratory stresses generally v/ere at satisfactorily low 
levels. The responses of the front and the rear blades to 
engine excitation ^-ere similar; the streicses of the rear 
blades v/ere generally higher, probably because the rear pro- 
peller was more rigidly coupled to the engine than the front 
propeller. Some indications of vibrations ercited by 
propeller-shaft whirl caused by gas forces w-jre found. The 
engine-excited vibratory stresses increased with engine brake 
mean effective pressure and sometimes reached high values, 

INTRODUCT ION 



It was an t ic ipat (Bd that dual-rotating propellers would 
be subject to vibrations excited ae r odynami cally" by blade 
passages. Because reactionloss types of vibration for cer- 
tain dual-rotating propellers can occur with this excitation, 
it was expected that some of the vibrations could be serious' 
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liTTHODUCTI ON 



It was anticipated that dual-ro tat in.?^ propellers v.^ould 
"be s'u'bject to vi'brations excited aer odyuami cal ly by blade 
passages. Because rep c t i onl e s s types of vibration for 
certain dual-rot at inr?: propellers can occur with this exci- 
tation^ it was expected that some of the vihrations could 
be serious. 

Although previous t orq.ue— s t and tests indicate that vi- 
brations excited "by blade passages are not serious, it v/as 
decided to perform a series of tests with ^qrround-ad jus table 
propellers in a wind tunnel where not only a high airspeed 
can be attained but pIso the airsper.d Ccin be varied to hold 
the engine brake mean efft-ctivc pressure constant over a 
wide range of engine speed. 

Vibration tests v/ere conducted in the LKAL 16 — foot high- 
speed tunnel. Six- and eight-blade dual-rotating propellers 
were operated as tractors, and seven— and eight— blade dual— 
rotating propellers vrere operated as pushers; the pusher con- 
dition was siiiiulated by mounting a full-scale wing ahead of 
the propeller s» Measurements of propeller stress were. made 
for engine— speed ranges at low, intermediate, and high engine 
powers, v/ith a ran-rre of airspeeds up to 260 miles per hour. 

The vibration staffs of Hamilton Standard Propellers 
and the Cur t i s s-V/r i ght ' Corp or at i on Propeller Division col- 
laborated in conducting the tests and in analyzing the- 
records, 

GSKE:RAL DISCUSSIOIT OF PROPELLER VIBRATIOiTS 

' k odes of vibration, — A propeller blade nay vibrate in 
any one of several nicdes; examples of mode shapes are given 
in figure 1, The airplane engine enforces a node at the 
propeller center, although the center may actually have an 
amplitude of displacement of the order of thousandths of an 
inch. The amplitudes, of the. tips are of the order of tenths 
of an inch,. If the node enforced by the engine is not counted, 
the number of nodes for figure 1 is m - 1, •*^here m is the 
number of the mode. The vib:^atory freqtiency increases some- 
=what with the number of the mode. The frequencies of the 
various modes of a blade may be determined by vibrating the 
blade with some driving oscillator. If the daTDp'lr.g of the 



"blade is very small, the freq".iency for a maximim response 
is a natural frequency of A^ibration; whereas, if the dainp— 
ing is appreciahle , the frequency for maximum respoiise is 
soiiiev/hat less than the natural frequency. Centr if u^^^-al 
force increases the natural frequencies for the various 
modes and shifts the positions of all the nodes except the 
node enforced hy the engine (reference l). The nodes can 
also he shifted hy changing the hlade angle of the propel- 
ler. The shift of node positions can "be several inches. 

lZ'^li^.^2t^Y.kl^I.^lL2IkjL- ^ propeller vihration may he 
flatwise, cdgev/ise, or torsional. A vibration is con-^ 
sidered flatv/ise if the vibratory motions of the sections 
of the blr.de are primarily in a direction perpendicular to 
the blade chords. Tor an ed:r^GV/is-3 vibration, the motions 
of the blade sections near the shank are primarily along 
the blade chords, vrhile the motions near the tips a.re more 
flatwise. Tho flatwise motion of the tips for an edgewise 
resonance occurs because of the blade tv;ist. Experiments 
show that, if the nat;iral frequency for one of the higher 
flatwise modes is near the natural frequency for the first 
edgewise mode, the motions near the blade tip during edge- 
wise r.isonanco a.re so flatwise that it is difficult to tell 
from the stress distribution along the blade v;hether the 
vibration is flatwise or edgewise (reference 2). The stress 
distribution around the blade shanh, hov/ever , shows v/hich 
vibration is occurring. The blade motion for edgewise 
resona.nce generally is such that the two maxi mum— s t r e s s 
positions on ••he shank arc in line with the leading edge 
and the trailing edge at appr o:.imat c ly thr e e— f our t hs the 
propeller radius. The ma:^cimum— s t r e s s positions for flat— 
^vise resonance ^ivc shifted 90^^ from the' maximum— s tr e s s 
positions for edgewise resonance. Tor torsional vibration 
of a blade, the blade twists periodically about a longi- 
tudinal axis within the blade. The frequency of this 
vibration is relatively high, however, and only the funda- 
mental mode is ever encoiint er ed. This vibration occurs 
infrequently in comparison with the flatwise and edgewise 
vibrations. 

S t r e s s, d i s t r 1 b u t i o n o n b lad e Per flatv/ise vibration, 

the maximum— stress positions along the blade correspond to 
the positions of ma.Timum c/p where c is the perpendicular 
distance of the extreme fiber from the neiitral axis and p 
is the radius of curvature of the neutral axis. "For the 
first mode, the minimum radius of curvature is somewhere near 
the propeJ.ler hub (fig. 1 ) ; whereas, for the higher modes, the 
positions of minimum radius of curvature are between the nodes* 
For a given blade sec i- ion, maximum c occurs at maximum blade 
t hickne s s . 
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For edgevrise resonance the positions of niaximum stress 
again correspond to positions of maximum c/p. For this 
vilDrction, however, c is not generally a maximum at maxi- 
mum "blade thickness, because the motions of the "blade sec- 
tions are more edgev;ise. 

For flatv/ise and edgewise vibration, the distribution 
o-f surface-fiber stress around the propeller shank is sinus- 
oidal because the perpendicular distance of the surface 
fiber from the neutral axis of the vibration considered 
varies sinusoidall7 in a circular section, 

Q,L?LL§,LILt5.?itL9L?I-^2.IL_LiZ£^ - The flatwise 

and edjg;ewise vibrations of a single-rotating propeller may 
be grouped under three general headings according to the 
vibratory bending moments and the vibratory fore— and— aft 
forces acting on the propeller shaft. The three classes 
of vibration are as follows: Cl) Propeller vibrations with 
a vibratory fore-and-aft force but no vibratory bending 
moment acting on the propeller shaft; (2) propeller vibra- 
tions v/ith a vibratory lending moment but no vibratory fore- 
and-aft forces acting on the propeller shaft; and (3) pro- 
peller vibrations with neither a vibratory bending moment 
nor a vibratory fore-and-aft force acting on the propeller 
shaft. These vibrations are often called symmetrical, un- 
symmetrical, and react i onle s s , respectively. For the sym-- 
metrical vibrations, all the blades vibrate in phase; for 
the unsymmetrical vibrations, the blades vibrate out of 
phase (1200 for a three-blade single-rotat ing propeller); 
and, for the reactionless vibrations, the blades vibrate 
out of phase. The engine may afford some damping for either 
the symmetrical or the unsymmetrical vibration but obviously 
cannot supply damping for the reactionless vibration. 

The classification of vibrations given is academic; a 
propeller vibration is frequently a combination of two classes 
and ^quite feasibly can be a combination of all three classes. 

It is evident that the reactionless vibration receives 
its excitation from aerodynamic forces instead of from 
engine forces. Because an analysis shows that reaction- 
less vibrations of single-rotating propellers can occur for 
all frequencies other than 1, kS, and kB ±1 times pro- 
peller speed, where k is any integer and B is the number 
of blades, it is observed that a propeller must have more 
than three blades to vibrato in a reactionless manner, 
(See reference o.) As will bo seen later, reactionless 
vibrations between propellers of a dual-rotating unit can 



occur at f req,uonc iei? of • kB tiint-^s the propeller speed, if 
the two propellers have equal numbers of blades, 

Dilii^rminMl on_ 0 f . ~ The 

natural freq[uencies for a nonrotatinf^ propeller can be 
measured by vibratiUt:^- the blades and taking oscillograph 
records of strain, using electrical strain gages for 
pickups; the frequencies -of the strain variations can be 
accurately determined by comparin.;^ the traces of strains 
witii a trace produced 'by an acctirately calibrated electri- 
cally excited tuninq; fork. The modes can be distinguished 
frora each other by the records shcv/in^; strain distribution, 
along the blade. The records showin^i;.; strain distribution 
around the shank can be used to distinguish between flatv/ise 
and edgewise vibrations. Tbe static natural frequencies of 
a propeller are appreciably affected by the looseness of 
blade retention. It is therefore desirable when determining 
the static natural frequencies to have a blade retention 
corresponding as nearly as possible to the retention obtained 
with propeller rotation. 

The natural frequencies used for estimating the engine 
speed for the first two classes of vibration are obtained by 
vibrating the blades with a mechanical exciter, that is, a 
rotating unbalanced mass, mounted at the propeller hub. If 
the propeller is suspended with an elastic sling, the natural 
frequencies of the propeller proper are determined; these 
natural frequencies are somewhat different from those deter- 
mined wi.th the propeller coupled to the engine. It is there- 
fore desirable to determine the natural frequencies with the 
propeller coupled to the engine that is to drive the propel- 
1 r . 

The natural frequencies of r ^act ionles s vibrations can 
be detorr;;ined vrith excitation supplied at a blade tip. The 
prcrcll.u* may rest on its hub, which need rot be restrained, 
bec^'.u^:e for a react ionless vibration tho vibratory bending 
mom?::.os and the forces of the various blad:;s cancel at the 
hu;::^ ^=or react ionless ^^ibrations of dual- r o tat ing combina— 
ti(ii.'t cor.^.osed of two propellers c^ach having fewer than four 
biad.c-^p the s:tatic frequencies are found by measuring those 
of sin-s-^le-r otat ing four— blade propeller having blades of 
the same design. 

Especially for flatwise vibrations of solid blades, the 
positions of maximum stress './ith rotation can be determined 
fairly by finding the positions with the propeller not 

rotating and then applying suitable corrections for centrifu- 
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gal force. In order to dG.termine the maximum-stress posi- 
tions for a hollow steel "blado^ records from, strain gages 
mounted at many positions on the "blade are needed. These 
records are necessary because the flexural vibration of a 
hollov; steel "blade produces a diaphragm vibration; that is, 
the tv/o faces bend in and out like the head of a drum^ 
Some gages are mounted transversely on the hollow steel 
blades to record the diajohra.^m stress, .fi- 

9 

Correction of s t at i c f r equenc i e s f or ,c e^nt rif.iigal,_£nr.g.£.^-^ 
The static natural frequencies of vibration are corrected 
for the effect of centrifugal force by using the accepted 
formula (reference l) 

where 

static natural frequency 
K constant for a given mode of a given propeller 
n propellar speed 

f natural frequency at that propeller speed. 

The effect of centrifugal force upon the natural frequencies 
of the first flatwise, the second flatwise, and the first 
edgewise modes of reactionless vibrations of a typical pro- 
peller is shown in figure 2. The values of K used for 
these modes of this propeller are 1.7, 5.6, and 1^.12, re- 
spectively^ The static natural frequencies for the propeller 
represented by figure 2 wore determined v/ith a blade reten- 
tion corresponding as nearly as possible to the retention 
obtained with the propeller rotating. The line labeled 6n 
represents a frequency of excitation of six times propeller 
speed such as would be expected vfith blade interferences of 
two three-blade propellers rotating in opposite directions. 
The intersections of the line representing the excitation 
frequency with the lines representing natural frequencies 
yield the speeds at which the reactionless vibrations are 
expected, 

YJJir^t j^p n. s__e^^ - bT-- hJ--a4 J? a_s.s a^e^ - Propeller vibra- 

tions can be excited by the passage of blades through regions 
of disturbed air flow caused by obstructions in the air stream 



or by another propeller. Dual— ro tat ing propellers are 
subject to vibrations caused by the passage of blades of 
one propeller near the blades of the other propeller. The 
type of ;oropeller vibration produced by blade—passage ex- 
citation depends upon the number of blades of each of the 
two propellers forming the dual— rot at ing. unit , Blade- 
passage excitation may produce a reactionless vibration of 
a dual— rot at ing unit composed of two propellers having equal 
numbers of bladx^s. Because the engine absorbs no energy from 
the reactionless vibration of the dual-rotating propeller, the 
vibratory stresses are limited only by aerodynamic damping, 
by hysteresis damping of the blade material, and by damping 
provided b,^' motion of the blade shanks in their hub sockets. 

A r e^.c t i onl e s s type of vibration for a dual— r ot at ing 
propeller can occur with blade passages in a slightly dif- 
ferent ma,nner from that for a s ingl e— re t at ing propeller. 
Por the reactionless vibr.-tion of the dual— rotating unit 
composed of two propellers having equal numbers of blades, 
the vibratory bending mom.ents of the several blades of each 
propeller cancel at the respective shafts and the fore-and- 
aft vibratory force acting on the shaft of each of the two 
propellers cancels with that of the other; this cancelation 
occurs through the propeller shafts, the reversing gear, and 
the thrust bearing. The blades of either propeller vibrate 
in phase with one another, but the blades of one propeller 
vibrate 180^ out of phase v/ith the blades of the other pro- 
peller. The vibration frequencies of the two propellers are 
equal for the cancelation of hub forces; and the number of 
blade passages encountered by each blade of one propeller per 
propeller revolution is equal to twice the number of blades 
of the other propeller, because the tv/c porpellers rotate at 
the same speed but in opposite directions. The vibration of 
a s ingle— rot at ing propeller (one of the two propellers for 
.the case of dual rotation) at a frequency eqvial to propeller 
speed times an intOvgral multiple of the number of its blades 
is alvrays a vibration v/ith no resultant vibratory m.oments but 
with a resultant fore-and-aft vibratory force acting on the 
propeller shaf t , 

If the propellers forming the dual— r o t a.t ing unit have 
unequ,al numbers of blades, each blade of one propeller of 
the unit encounters a number of blade passages different 
from that encountered by each blade of the other propeller, 
and the front propeller therefore vibrates at a different 
frequency from the rear propeller. V/ith this dual-rotating 
propeller having an odd total number of blades, a reaction- 
less vibration of the propeller unit may occur only when both 
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the propellers forming^ the dual-rotating unit individually 
vibrate in a reactionless manner^ A seven— blade dual- 
rotating unit composed of one three— "blade and one four- 
blade propeller does not vibrate in a reactionless mode 
with blade— pas sage excitation because a s ingle— r o tat ing 
propeller must have n^ore than three blades to vibrate in tri 
a reactionless mode, A nine— blade dual— r ot at ing unit com— yr 
posed of a four— blade and a five-blade propeller might 
possible vibrate in a reactionless mode with blade— pas sage 
excitation, the lour— blade propeller vibrating at a fre- 
quency of 1 On and the five— blade propeller vibrating at 
a frequency of 8n . 

Effect Q-f v/ing for piis .b_e^r _c_^oiid i t i^on_. - 'A \\ring mounted 
ahead "of a dual— rot at ing propeller to simulate a pusher con- 
dition, would be expected to provide additional aerodynamic 
excitation, and the frequency of this excitation wou'ld de- 
pend upon the. location of the wing. If the wing v/ere located 
at thrust— axis level , the v/ake behind the wing would supply 
sizable excitation at a frequency of 2n , v/hile the dov/nwash 
behind the wing v'otild sup7;)ly some excitation at a frequency 
of 1 n. . • 

Jor a dual— ro tat ing unit v/ith each of the propellers 
having four or more blades, the sizable excitation pro- 
vided by the v;ake at the frequency of 3n can be serious; 
the strength of this excitation increases considerably 
with" a-i.r speed. The seri.ous condition is present when the 
frequency of excitation" is equal to the natural frequency 
for a reactionless vibration. Because t h*o airspeed in the 
wing wake is less than. the airspeed v;ell above or below the 
wing, the excitation freqiiency of 2n occurs because each 
blade passes through two lovz-^veloc ity regions per revolu- 
tion. 

The excitation at a frequency of In supplied by down- 
wash behind the vring is small for tests performed in a closed- 
throat wind tunnel, because the tunnel walls lim.it the down- 
wash. The dovmv/ash behind a wing can cause a propeller to 
vibrate at a frequency of In because the downward component 
of velocity increases the angle of attack of the blades dur- 
ing one— half revolution and decreases this angle during the 
remaining one— half revolut ion , 

If the wing ahead of the propeller is displaced 50 per- 
cent of the propeller radius from thrust-axis level , the main 
frequency of excitation provided by the wake is expected to 
be at a frequency of In; excitation frequencies that are 
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harmonics of I. n arc also expocted. Because 3n is one 
of the lower h:\rinonic frequencies, it is possible that 
the excitation at this frequency may "be of sufficient 
strength to produce a reactionless vi'bration of a dual- 
0_ rotating propeller composed of two three-lDlade propellers, 

^ Similarly, the excitation having a frequency of 4n might 

^ possihly excite a reactionless vi'bration of a dual- 

rotating propeller com.posed of two four— "blade propellers. 

The vibration of a six-^blade dual— rot at i ng propeller 
excited by the wake at a frequency of 3n is reactionless 
if the vibratory hub forces of the two three-blade pro- 
pellers cancel. The vibratory hub forces must be equal in 
magnitude and opposite in phase for complete cancelation. 
Because the phasin-^ of the two vibratory hub forces can be 
regulated by the indexing of the two propellers on their 
shafts, a reactionless vibration excited by the wake can 
"be changed to a nonr eac t i onl es s vibration if desired. 
Indexing the tv;o propellers does not control the cancela- 
tion of the vibratory hub forces that are caused by blade 
passage. 

With the wing displaced 50 percent of the propeller 
radius from thrust— axis level, it is feasible that a har- 
monic wake excitation of frequency 6n may exist. This fre- 
quency is the same as the frequency for a reactionless vi- 
bration excited by blade passages of two three-blade pro- 
pellers. Because the v:ake and the blade passages are dif- 
ferent causes of vibration, the effect of the tv/o excita- 
tions of frequency 6n upon each propeller of a dual— rotating 
unit would depend upon their magnitudes and phase relation- 
ship. The phase ^'elat ionship of the excitations would de- 
pend upon the indexing of the propellers. The vibratory 
hub forces caused by blade passages v/ould be expected to 
cancel. Depending upon the indexing of the propellers, the 
wake— excited vibratory hub forces of the tv/c propellers may 
or. may not cancel, 

A harmonic wake excitation of frequency 6n may possibly 
excite a reactionless vibration of each of the four-blade 
propellers composing an eight-blade dual-rotating unit. 
The phase relationship of the blades of one propeller with 
respect to the other propeller would depend upon the index- 
ing of the propellers. 

Because fatigue failures of the wing trailing edge have previ 
ously occurred with pusher designs, tho s-nacing the 
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wing and the propeller is important, A pressure field 
exists a"bcut each "blade element of all the blades of a 
rotating propeller. It is expected that the pressures 
within a radius of about 1 chord of the respective ele- 
ments are an appreciable source of excitation for v/ing 
vibration. It is therefore desirable that the spacing 
betv/een the trailing edge of the wing and the various 
blade elements be greater than 1 blade chord. 

The frequency of excitation of the trailing edge 
for a single-rotating propeller is Bn. For a dual- 
rotating combination, the main excitation is from the 
front propeller at a fequency of Bj^n , v/here is 
the number of blades of the front propeller; it is ex- 
pected that the rear propeller would have relatively 
little effect upon the v/ing because it is customarily 
located more than 1 blade chord behind the front pro- 
peller. If the frequ.ency of a sufficient excitation 
coincides with the natural frequency of either the v/ing 
as a, unit or any of its parts, such as the two surfaces 
and trailing edge of the v^ing, the respective vibration 
systems v/ill vibrate, 

No vibrations of the wing were detected for the tests 
reported in reference 4; the blade sections at t hr ee— f our ths 
the propeller radius operated at approximately twice their 
chords behind the trailing edge of the v/ing, ' 

Sn gi n e- e X c i t e d v ib rati on s , - As will be seen in the 
results for these tests, propeller vibratory stresses ex- 
cited by the airplane engine can be high, A basic 'dis- 
cussion of the imiportant frequencies expected with engine 
excitation is therefore of interest, although the deter- 
mination of aer odynam ically excited vibratory stresses was 
the primary purpose of the present test. 

An important symmetrical propeller vibration is caused 
by the torsional oscillation of the propeller shaft, that 
is, the periodic twist in?; of the propeller shaft about its 
axis of rotation. With this excitation all the propeller 
blades vibrate in phase because each blade receives the 
same excitation from the propeller shaft; the frequency of 
vibration of the blades is the same as that for the shaft. 
The torsional oscillation of the shaft is produced chiefly 
by gas forces; the important frequency is 
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wh ere 



K integer 

X num'ber of cylinders of the radial-engine bank 
N engine speed 

Whirl of the propeller shaft can he "Droduced by gas 
forces and often results in .high vibratory stresses' of 
propellers. A point on the pr opeller- shaft axis traces 
an orbit when the shaft ^^'hirls. The frequencies expected 

from theoretical consideration are ± .1^ IT (refer- 

ence's). The T)liis sign indicates forward vhirl, that 
is, in the same direction as engine-shaft rotation, and 
the minus sign indicates reversal whirl. When K is 
zero, only the plus sign is used, inasmuch as the analysis 
shows that a whirl of frequency 1 IT i s only forward. 

The frequency of vibration of the nropeller blades 
differs from the frequency of whirl of the propeller shaft 
by the propeller sp ^ed (reference 5). For a dual-rotating 
propeller, the two propeller shafts whirl in the same di^- 
rection but the propellers rotate in opposite directions, 
ihe vibration freqiiency of the propeller rotating in a 
direction opposite to the whirl of its shaft is higher than 
tne frequency of the propeller- shaft whirl, whereas the 
vibration frequency of the other i3roT.eller is lower than 
the frequency of pr opeller- shaft whirl. The nropeller- 
blade frequencies are accordingly f,^ + N/A and f.,- - N/A, 
where i,,r is the frequency of pr ope 11 er- shaft whirl in 
terms of _ engine speed, H/A represents the pro'Deller sT^eed, 
and A IS the ratio of engine-shaft speed to propellerl 
shaft speed. 

Inertia whirl at freouencies of 1 IT and P.ll can also 
cause a propeller to vibrate; these whirls are caused by 
unbalanced inertia forces of the articulated connecting- 
rod system. The frequency of propeller vibration re- 
sulting from inertia whirl differs from the frequency of 
inertia whirl by the iDrcpeller speed, just as exvlainei 
^or whirl caused by gas forces. 



Propeller vibrations caused by r^r opel 1 er- shaft whirls 
are un symmet r i cal . 
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APPARATUS AITL METHODS 



Prpipellers. engine, and nacelle> - The ground- 
adjustable dual-rotating propellers used for the 
present tep.t are descri"bed in table I. Those propellers 
were driven by a Pratt & Whitney R-2800-^12 engine geared 
25:15 and mounted on rubber mounts in a full-scale stub- 
wing nacelle installed in the LMAL 16-foot high-speed 
tunnel. A propeller-engine-nacclle combination is shown 
in f i ^!:ur 0 "3 . 

The master rods of the 18-cylinder twin-row engine 
are located at cylinders 8 and 1?., which are the positions 
for minimum torsional vibration of the engine shaft. The 
puck damper in the rear-bank crank of the' engine damps the 
torsional vibrations of the engine shaft occurring at a 
frequency of 475- IT , lor modern enginos the inert ial whirl 
of frequency 1 H is partly balanced out. For this engine, 
a geared counterbalance is employed to balance out nartly 
the inertia whirl at a frequency of 211. 

The puck damper and geared counterbalance not only 
reduce the engine-excited propeller stresses but also 
reduce the vibratory stresses of engine loarts. 

Simulation of -pusher condition .- The pusher condition 
was simulated by mounting a wing at 0° angle of attack ahead 
of the propellers (figs. 4 and 5). The inverted wing was 
displaced 50 percent of the propeller radius above thrust- 
axis level to simulate an existing design. The v/ing was 
inverted and mounted above thrust-axis level in order to 
locate it as near as possible to the horizontal diameter of 
the tunnel, the thrust axis being 9 inches below the tunnel 
center line. (See fig. 5.) 

Instru mentat i on The method of recording stresses of 
the propeller blades can be explained with the aid of fig- 
ure 6. The resistances of the strain gages on the blades, 
designated- Rq., vary vith the strains of the gages to pro- 
duce fluctuating voltages the alternating comr)onents of' 
which was applied to the amplifiers. Slip-ring devices are 
necessary to conduct electrical currents from the rotating 
pro-oeller to the amT:)lifiers. The amplified voltages are 
applied to the oscillograph, v/hich records the amplified 
voltages on photographic paper. The 0 sc i 1 1 ogr aph* t race s 
are proportional to strain and, if stress is proportional 
to strain, the traces reioresent stress variation'-. C'he 
steady stress is Jzt mea'cu-^^c , 
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Carton electrical strain gages (small flat sticks 
of carton) v-ere mounted on the Curtiss hollow steel tlades 
with a hard grade 'of deKhotinsky cement; whereas flexible 
strain gages (carbon deposited on cloth) were mounted on 
the Hamilton Standard solid aluminuiii-alloy blades v/ith very 
hard bakelite cement. A typical strain-gae'e layout on a 
blade is shown in figure 7, and a detailed list of strain- 
gage locations for all the tests appears in table II. All 
the strain gages on the aluminum-alioy blades were inounted 
longitudinally to measure flexural stress variations. At 
the maximum- stress positions away from the shank, the gages 
were mounted so as to'measure the vibratory stresses at 
maximum blade thicknesses* Most of the gages 'on the hollow 
steel blades were mounted in th« same way as on the aluminum- 
alloy blades. A few of the gages on the hollow steel blades 
however, were mounted transversely at "^-chord positions to 
detect diaphragm vibrations. All gages were insulated from 
the propellers by thin 'pieces of paper and the cements. 
Separate small wires led from one end of each gage to the 
blade sh?^nks; the other end of each gage was connected to 
the small common wire leading to the shank. These small 
insulated \7ires were securely fastened to the blades with 
Vulcalock cement. The ends of the small wires at the shanks 
were connected to relatively heavy stranded wires leading to 
the rings of one of the slip-ring devices. The heavy insul- 
ated wires were wrapped tightly to the blade shanks to pre- 
vent them from pulling off tht^ small wires on the blades 
because of centrifugal force. Gages and wires mounted on a 
propeller blade are shown in figure 8. 

Two types of slip-ring device, the "pineapple" and the 
flight ring, were used for each test. The pineapple was 
mounted ahead of the front propeller and v/as connected to 
the gpges on the front propeller; v;hereas» the flight ring 
was mounted behind the rear propeller and was connected to 
the gages on the rear propeller. Each of the pineapples 
has 12 silver rings of equal diameter with two silver- 
graphite brushest spaced 180^, contacting each ring. The • 
pineapple stetor was restrained by a horizontal cable at 
thrust-axis level ahead of the dual-rotating propellers 
(fig« 9)« One flight ring used has 10 concentric silver 
rings with two silver-graphite brushes contacting each ring; 
the other flight ring used has 13 concentric silver rings 
with two silver-graphite brushes contacting each ring. The 
two brushes, contacting each ring were connected by wires 
grouped in a cable. The brushes contacting each of the rings 
attached to the common wire of each t)rop8ller were connected 
to a battery (fig. 6). The rest of the brushes were connected 
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to their respective "balancing resistors* Pigure 10 shov/s 
an inside view of a flight ring. 

The resistances designated in figure 6 are called 

tala.ncing resistances because "they must be equal to the 
strain— gage resistances Rq. for maximum alt er nat ing— voltage 
input to the amplifier. The balancing box is composed of 
variable resistors, and each resistance is capable of ad- 
justment to a value eo^ual to the resistance of a particular 
strain gage to v/hich it is connected. 

A separate attenuator was used v.^ith each amplifier 
(fig. 6). The a,ttenuators are merely potentiometers hav- 
ing several switching points and control the input voltages 
of the amiDlifiers to regulate the size of the oscillograph 
traces. 

Three banks of voltage amplifiers, each bank consist— 
ing of four amplifiers, v/ere used for each test; a s\\r itch- 
ing arrangement v/as vised in order that more than 12 strain- 
gage recordings could be made for a given operating con- 
dition. The voltage amplification of the amplifiers is 
essentially constant ovf^r the freq.uency range from 5 to 
2500 cycles per second. 

The outpvi.t voltage of each amplifier was applied to 
one of 12 oscillograph elements in an oscillograph. Twelve 
volta^^e traces representing strain variations appeared on 
the photographic paper, and each trace was often composed 
of several frequency components. In order to determine 
the frequencies of vibration in terms of engine speed or of 
propeller speed, one of the 12 channels was used to record 
a periodic induced voltage occurring either with every en- 
gine revolution or with every propeller revolution. 

An induced voltage with every propeller revolution is 
obtained by having a small Alnico magnet imbedded in the 
rotor of the pineapple pass a small coil in the stator with 
every propeller revolution. The small induced voltage must 
be amplified, and the amplified voltage ib applied to an 
0 s c i 1 1 0 g r ap h element. 

Records of engine speed are obtained by employing a 
contact in series with a battery and an oscillograph element 
the contact makes and breaks with every revolution of the 
engine shaft. These records m.ay also be obtained by placing 
a few turns of wire around a sparks-plug lead and connecting 
this small coil to an oscillograph element. 
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The alternating voltages across some of the "balancing 
resistors were also applied to the input terminals of a 
wave analyzer to keep constant watch for propeller vihra- 
tion frequencies corresponding to blade-passage excitation. 
The frequency dial "of the analyzer was set in such a way 
that the component of voltage at hlade-pas sage frequency 
would be selected. The response for the frequency selected 
was indicated by a voltmeter. 

S.§iLi!k?15.Li.2.!Ei_2.? equ iniaent ♦ - Each strain gage was cali- 
brated in such a 'vay that a known alternating voltage ex*- 
isted across each balancing resistor for a given alternating 
strain* 

The carbon gages (sticks of carbon) were calibrated 
on a dynamic cantilever bar actuated at the tip with a 
forcing piston. The tip of the rectangular bar was first 
statically deflected, and the strains at the gage positions 
were measured with a Tuckerman strain gage; the measured 
strains check closely with those obtained by calculation. 
The bar was then vibrated in such a way that the maximum 
tip amplitude equaled the previous static deflection of the 
tip, and the alternating voltages across the balancing re- 
sistors connected to the strain g^g^s were measured. 

The flexible gages v/ere statically calibrated on the 
propeller blades; many of the calibrations before and after 
the test checked within 1 percent. The static calibration 
procedure is to deflect the blade and to measure both the 
strain at maximum blade thickness beside each gage and the 
percentage change of resistance of each gage. The strains 
were measured with a Euggenberger strain gage, and the per- 
centage changes of resistance of the gages were measured 
directly with the use of a bridge circuit. If an alternat- 
ing strain is considered and if figure 6 is referred to, 
the peak amplitude of alternating voltage across a balanc-* 
ing resistor for AR^/Ho « 2 (the input resistance of the 
am-olifier is high compared with H& J?nd Eb is considered 
equal to Rq) is 

where 

AHq/Rg- per-unit change of strain-gage resistance correspond- 
ing to the peak amplitude of a 1 1 erna ln§: .-^train 
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E battery voltage 

During a propeller vioration test, ARq./ Rq. ranges from 
zero to aoout l/2 percent ^^nd E is usually 45 volts. 

A 1 ov/- f r equency oscillator having an outp\it voltage 
of SO millivolts was used for calibrating the electrical 
equipment. At intervals during the testing, the oscilla- 
tor voltage was applied simultaneously to all attenu^=) t ors , 
and sinusoidal traces were produced upon the photographic 
paper in the oscillograph. A known relationship between 
the input voltage to the attenuator and the amplitude of 
the traces on the -ohot ographic paper vra s therefore detBr- 
mined. 

Ana l2^ sis of records*-- Because the strain gages and 
the electrical equipment were c-^liorated as explained, the 
strains at the various positions on the propeller blades 
were readily calculated from the measured amplitudes of the 
oscillograph traces. Each value of strain was multiplied 
by the modulus of elasticity of the blade material to ob- 
tain stress values. 

The frequencies composing an oscillograph trace were 
determined by counting the number of peaks of each com- 
ponent wave for a considerable number of "oropeller revo- 
lutions (or engine revolutions if the timing wave repre- 
sented a frequency of 1 il) and dividing by the number of 
revolutions for v/hich the peaks were counted. If an os- 
cillograph trace is composed of two frequencies th^^t are 
nearly equal, a slov-^ beat frequency results which is equal 
to the difference between the two frequencies; in these 
cases, one of the frequencies was determined first and the 
beats were counted to determine the other frequency. 

T£5.t_5.£il^i.!Li£ii£* ^ "^^"^^ various test conditions are 
given in table III. The usual test procedure for each 
blade angle was to hold the brake mean effective pressure 
constant at values of 100, 150, and 200 pounds per square 
inch and to vary the engine speed by adjustini^ the air- 
speed. Maintenance of constant brake m.ean effective pres- 
sure kept the excitation siipplied by gas forces constant 
in order that differences in propeller vibratory stresses 
would depend as nearly as possible only upon how close the 
frequency of an exciting force was to a natural frequency 
of vibration. 
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Limitations on airspeeds allowable for these tests 
prevented covering the full range of env^ine rspeed and 
"brake mean effective pressure at all "blade angles. The 
term "propeller load" in tahle III signifies that the 
tunnel fans were not running and that airspeed was pro- 
-y duced only by the model. In this condition, the brake 

mean effective pressure varied apt) r oxima t ely as the square 
of the engine speed. 

ACCURACY OJ MISASUSElviEKTS* 

The measurements of strain magnitudes for this test 
are believed accurate within 5 -oercent; the main components 
of frequency for the o sc 11 lo^i^raph records of 'strain that 
represent good resonance are accurately determined in terms 
of propeller speed or of engine speed. The stress magni-. 
tudes are therefore also believed accurate within 5 percent 
on the condition that stress is proportional to strain. 

Secure bonds of strain ^:ages to the surface of the 
material are essential for accurate strain measurements. 
The bonds for these tests were satisfactory. Satisfactory 
results wore obtained with the slip-ring devices located as 
in figure 6; the effect of imperfect contact between the 
brushes and rings was small. Considerable care must be 
taken, however, that the surfaces of the flight ring, which 
has rings of considerable diameter, are flat and that the 
rotor revolves without wobbling. 

Transverse as well as longitudinal strain changes the 
resistance of a strain gage. A strain gage is therefore 
said to have cross sensitivity. The gages mounted on the 
blades should have negligible cross sensitivity in order 
that a gage mounted longitudinally on a blade will respond 
only to longitudinal strain variations. The exact amount 
of error introduced by cross sensitivity is not known but, 
for these tests, the cross sensitivity was about one-half 
the longitudinal sensitivity and the important stresses 
occurred near the blade tips where the vibratory motions 
are essentially flatwise and therefore introduce negli- 
gible transverse stresses of the gages* The gages on hol- 
low steel propellers, howeveri are strained more in the 
transverse direction th^n the gages on solid aluminum-alloy 
propellers because of the occurrence of diaphragm vibrations. 



18 



The Poisson ratio effect, occurring v;ith diaphragm 
vibrations of the hollow steel propellers, is a source 
of error of vi'brat ory- str ess measurements and can "best 
he explained. ?;ith the, aid of figure 11. A flat metal 
plate (fig. 11(a)) can he stretched from a length L 
to a length L -h AL hy applying a uniform tension F; 
the \-^idth of the plate decreases from W to W - AW he- 
cause of the Poisson effect. If ^ uniform transverse 
force Ft is applied (fig. 11(h)). the uniform tension 
F must he increased to F 4- AF to maintain a plate 
length of L + AL. The force Ft therefore destroys 
the linear rol^t t ionship hetween stress and strain. With 
vibrations of hollow steel pr op el 1 or s > f or co s such as Ft 
occur because of the diaphragm vibrations and act either 
in a direction the same as or opposite to that shown in 
figure 11(b). Intensive study by the Cur t i s s-Wr igh t Cor- 
poration Propeller Division (unpublished) indicates that 
the Poisson ratio effect does not introduce more than an 
additional 5 percent of uncertainty into f lexural- str e ss 
determinations on the hollow steel blades used for these 
testsi Their study also indicates that, because of this 
phenomenon and also because of the fact that the strain 
gages used for these tests to measure the diaphragm vi- 
bration stresses were thick compared with the rear plates 
of the blades, the diaphragm- s tr e s s det ermini^ t ions were 
higher than the true stresses by 10 to 30 percent. The 
strain variations f.or the hollow steel blades were multi- 
plied by the modulus of elasticity for steel to get approx- 
imate stress values. 



DISCUSSION OF RESULTS 



Vibration tests were performed to obtain the-, vibratory- 
stress curves shown in figures 12 to 55. The term "stresses" 
will be used in discussing the tc;e^ts for hollow steel blades 
because the more accurate term "strain times m^odulus" is 
rather' cumbersome. In many of the runs, the engine brake 
mean effective pressure was held constant while the engine 
speed was varied in order to keep constant the excitation 
supplied by gas forces, as previously discussed. For fig- 
ures 12 to 19 and '66 to 55, no overlap of ranges of brake 
mean effective pressure, is shown; instead only the highest 
stress in a region of overlap is plotted for a given engine 
speed. Some of the curves represent maximum composite 
values of vibratory stress, that is, the experimental points 
represent the hjghest stress at any one of the group of the 
strain-gage positions at a partic\..lar region on the Dlade, 
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The peaks of the stress curves are labeled with vi- 
bration frequencies in tori::'.s of propeller speed n and 
engine speed N - for example, 4^N and 4n. ?or stress 
peaks having inore than one component of frequency, the 
components are given either in order of importance or as 
the estimpted percentage of the total vibratory stress 
obtained by inspection of the oscillograph trace. 

Te s_t^_l 2 t^ra^clP-?!.-.£2.?L^ii2.3ii two three-blade _Cu rti ss 

ho l l ow ^' e e 1 p r op_ e l 1 e r s * - Ih e s i x-- b 1 e d e dua 1- r o t a t i n£: 
propell:ir of test 1 vibrated at a frequency of 6n, which 
is attributed to blade-oassa^:,'^; excit-^tion; this frequency 
was checked by observing th^t the oscillograph traces for 
the blades of either propeller '-.Tero in phase and that the 
blades of one propeller vibrated 180^ out of phase with 
the blades of the other propeller. Figures 12 to 13 show 
that the en^-ine sr^eeds for vibrations having a frequency 
of on are 600 rpin, 950 to 900 rppu, and 950 rp-n for blade 
angles of about 30^, 40^, and 4'5^, respectively (blade 
ani^'les are for the 42-in« radius) • An explanation of the 
V i D r a. tion occurring- at different engine speeds is that the 
natural frequency of propeller vibration increases slightly 
with blade an^^le, vith the result that higher excitation 
frequencies are needed for the larger blade angles if' a 
resonant propeller vibration is to occur. 

The vibratory stresses for the vibration having a 
frecuency of on are highest for blade angles from 40^ to 
450» It is expected that the excitation from blade pas- 
sages would continue to iucrease for blade angles greater 
than 40^ to 45^. The probable reason that the records do 
not show this effect is that, with the li-inited number of 
gages and the shifting of raaxirnum- stress position with 
blade angle, the ,^:;ages did not record the stress at the 
maximum- st r e s s position for all blade angles. 

The airspeed at which the vibration of frequeojcy 6n 
occurred was about 40 miles per hour (table III) arid the 
vibratory stresses near the blade tips ran^^ up to i6800 
pounds per square inch. The shank stresses at an e:ngine 
speed in the range of SOO to 950 rpm are shown to be low. 

Figures 14 and 15 show that, for vibrations at a fre- 
quency of on,' the vibratory stress of the front propeller 
is about ecual to that of the rear Propeller for blade 
angles of about 40^. Figures 16 and 17 show, however, that 
only the rear propeller vibrates at a frequency of on, sug-* 
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gesting that no r eact i onle vilDration occurred "because 
the vitratory hub forces did not completely cancel. The 
difference in response of the two propellers is attributed 
to the coupling of the two propellers to the engine with 
different flexibilities because of different shaft sises 
and different positions on the 'shafts. Another plausible 
explanation for the existance of vibratory stresses at blade- 
pas sa£:e freq.uency for only the roar blades is that the v/ake 
effect of the front blades upon the rear blades is important 
as well as the effect due to the distortion of potential 
flow about the blades during blade passages. 

The vibration having a frequency of 6n was not serious 
and the higher modes of vibration at this frequency, ex- 
pected at the higher engine speeds, did not appear. Several 
explanations are given, as follows: 

(1) The excitation is probably not strongs The blade 
sections of the roar blades operated raore than 1 blade chord 
behind the respective chords of the front blades and the 
effect of the pressure fields of the sections of one propel- 
ler upon those" of the other during passages was therefore 
probably o^uite sinall. If the wake effect is considered, a 
rear blade passes through the wako of a front blade several 
blade chords behind a front-blade trailing edge because it 
passes through the wake sometime after blade passage. 

(2) Dalraping can •;esult iVQui a loose vibration coupling 
between the two propellers of the dual-rotating unit. The 
connection between the two propellers is one of flexibility 
and clearances; the clearances are in the bearings and the 
reversing gear. Because the vibratory hub forces of the 
two propellers do not completely cancel, there is vibratory 
motion of the propeller hubs and the engine torque is there- 
fore not applied at a point which is a node for a reaction- 
less vibration. 

(o) For modes of pr ope llor-blado vibration higher than 
the first mode, the vibratory velocity of some parts of the 
blade is 180^ out of phase with that at other parts of the 
blade (fig. l) and, because a blade passage" provides excit- 
ation acting in the same sense over the entire blade length, 
some parts of the blade absorb energy from the excitation 
while the remaiuing parts dissipate energy. A given excit- 
ation is more effective, however, near the blade tip than 
near the shank; also, the blade-passage excitation near the 
tip is rauch greater than near the shank because the tangen- 
tial velocity is greater. The ccuiceUat i o-n effect is never- 
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theless a possilDle i:)artia.l oxplanation of why no reaction- 
loss vilDreitions with a fr(3q[\iency of 6n occurred at high 
engine speeds , 

2he front propeller vitra.ted at a frequency of 2n» 
These vi"brations, occurring at an engine speed of 1650 vpm 
(figs, 1^, 14, and 16) and at airspeeds ranging; froiH 100 
to 200 miles per hour (tatle. Ill), are attrilDuted to the 
wake provided "by the horizontal caole mounted at thrust- 
axis level less than 2 feet ahead of the dual— r ota t ing 
unit (fig. 3). The leadc frojn the pineapple, which are 
fastened along the catle (fig* 3), would strengthen the 
v/akog An approximate calculation shows that, at 150 miles 
per hour, a -|inch cahle has one— half the drag of the wing 
(fig* 5) used to simulate the pusher condition at an a,ngle 
of attack of 0^, The wake supplied hy the ca*ble alone 
would therefore "bo quite stron.?; and v/ould provide good ex- 
citation to the propeller "blades, v/hich were very close 
"behind the catle. The v/ing on the nacelle had less effect 
than the cable 'beca;\G5e its loading odge v/a s ahout 6 feet 
"behind the dual-rotating unit* It is interesting to note 
that the v;ake of the cable affects the front propeller much 
more than it affects the rear propeller. 

A propeller vibrant ion having a frequency of 1 n occurs 
at an engine speed of 850 rpm (fig. 16). The airspeed v/as 
about 200 railes per hour for this vibration (table III). 
This vibration is attributed to the excitation provided by 
the wake behind the half of the horizontal cable to which 
the leads fron the pineapple wore attached. The wake be- 
hind this half of the horizontal cable v/ould be stronger 
than the wake provided by the other half* 

A prominent eng ino-^exc it ed vibration, having a fre— 
quency of 4-|U, occurred at an engine speed of 2500 to 2600 
rpm (figst 12 to 15). This vibration is one excited* by the 
torsional oscillations of the propeller shaft and, probably 
because the rear propeller is more tightlj'- coupled to the 
engine than the front propeller, the vibratory stresses are 
higher in the rear propeller. figure 15 shows a vibratory 
stress at the blade tip of over ±16,000 pounds per square 
incht The engine speed for resonance is lower for tiie front 
propeller, possibly because the front propeller is coupled 
to the engine with more flexibility than the rear propeller; 
the frequency of maximum response of a propeller depends upon 
the engine— propeller combinat ion. 
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Figure 14 shows that the front propeller vibrates 
at a frequency of at an engine speed of 2500 rpnu 

Ihis vilDration appears as the result of a reverse v;hirl 
of the propeller shaft at a frequency of 3ilT, The front 
propeller rotates in the same direction as the engine 
shait,, that is, opposite the direction of whirl, and the 
freq-.iancy of vihration of the front propeller is there- 
fore + -'—J — or 4—1:1. (See discussion of engine- 
er 6 / 1 5 13 

excited v i"bra t i on s • ) The vibratory frequency that v/ould 
Tdo expected for the rear prooeller is o^jN — ; — or 

?, 6/15 

1 P 

2~IT, This frequency was not found at an engine speed 

1 13 

near 2500 rpm, iprohahly "because the frequency 2~1I is 

far different frou 4— H and is not oa^ual to a natural 

1 3 

frequency of propeller vibration* Also, the v/hirl of the 
r ear— pr opalle r shaft may "be loss serious than that of the 
f r ont— pr ope ilpr shaft because the rear propeller is sup- 
ported nearer the f r ont—pr opoller— shaft bearing* The rear- 
propeller shaft, however, v/hirls at a frequency of SET at 
an engine speed of 2000 rprn and causes the rear blades to 

vibrate at a frequency of 7~-lT (fig» 1?). 

2 6 

±^£i_^.' — j-^g^-^'^-g" c ondi t ion ; two t hr ce— b lade Ha m i 1 1 on 
^ - "^^^ - ^ '^'^f 11^Z_£ L ^ r 2 1 The results of'^test 

2 are pV oseirt eiT'in "f igur us "20 t 0 55, figures 20 and 21 
show that a vibration having a frequency of 6n appeared 
for an engine speed of 1550 to 1600 rpm. The vibratory 
stresses for this frequency appear only for the rear pro- 
peller and are only slightly above tlOOO pound per square 
inch. 

Vibrations having a frequency of 2n are x^resent for 
this tost; their origin is explained in the results of 
test 1. Vibrations having a freo^uency of 4n , however, 
are also present (see, for example, figs. 21, 23, 25, and 
27); these vibrations probably are excited by the v/ake of 
the supporting cable because their frequency is the second 
harmonic of 2n. In direct contrast with the results of 
test 1, the results of test 2 show that the wake of the 
cable affects only the rear propeller. 

Engine— exc it ed vibrations having frequencies of 4-^17 
and 4^N for the front propeller and frequencies of 4^1 
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and 2 — IT for the rear propeller are prominent throxigko-ut 

test 2* T'hn vi"bratory stresses for these f req.uencies in- 
crease c ons ideralD ly with the engine brake mean effective 
presstire (figs. 20 and 21), are generally higher for the 
rear propeller, and sometimes reach high values (figs. 20^ 
21., 26, and 27). The vibrations having a freouoncy of 4|H 

were more prominent than vibrations of frequencies ^y^^ 
and 2~1T. A good comDarison of the 4--Vt component of vi- 

13 ^ no 

bratory stress of the front blades with the 2ff-N component 

1 3 

of vibratory stress of the rear blades cannot be made, be*- 
•cause the 4-|-N component appears v/ith both. 

Vibratory frequencies corresponding to forv/ard inertia 
whirl were present for te,<3t 2 (figs. 21, 23, 25, and 27). 
The vibratory frequency is l-^-jH for the front propeller and 

15 " ^ 

2 — il for the rear propeller. Stresses at these frequencies 
wore detected only at the shanks of the blades. 

In generp.l , the highest vibrations for test 2 occur, 
for blade angles from 30- to 35^ (figs. 23 to 27)^ As 
explained for test 1, the comparisons of vibratory stresses 
for various blade angles do not truly show the effect of 
blade angle upon the stress at the maximum— stress ;positions 
because the maximum— s tr e s s positions a-re different for dif- 
ferent blade angles. 

S t a n dar d_a lu^^ o y pr op e 1 1 e r s^ . - The vibrations ha v i n g 

blade-passage frequency of Gn. appear only for the rear 
blades (figs. 30, 32, and 33). These stresses are at sat- 
isfa.ctorily low levels. 

The results of test 3 (figs. 28 to 55) are essentially 
the S3.me as those of test 2, except that the vibrations 
occur at different engine speeds because the blades are of 
different design and therefore have different natural fre- 
quencies. The v;ake of the supporting cable, hov/ever , caused 
vibrations at frequencies of 1 n , 2n, and 4n for both the 
front and the rear propellers. 

5,11 t_4i _ tract or 
k£li£5i_§.t££l--E.?12JB.§.ll£L§-f"^ '^'h^- 1^ lade-passage frequency of 
vibration for tost 4 (figs. 36 to 3$) is 8n , inasmuch' as 
the dual— otat ing unit consists of two four— blade propellers 
that rotate in opposite directions* Since such a frequency 
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v/as found for the roar blades as shov^n "07 figure 39, it is 
suggested that a second iiiode of flatv/ise vi"brat i on 'was eli- 
cited "by "blade passages, For the single case of test 4, 
the 8n component is only abotit 5C percent o^f the total vi- 
bratory stress of ±6000 pounds per square inch. 

Again, the vibration having a frequency of 2n v;as found 
onl^r for the front c lades (fig» 56). 

Engine-Excited vibrations appeared and the engine speed 
for resonance v/ere lov;er for the front propeller (figs* 08 
and 39)» Figures 36 to 58 shov; that, v/hen longitudinally^ 
mounted gages recorded vibrations haying a frequency of 4-|]:I, 
the transversely mounted gages on tne hollov; steel propeller 
recorded diaphragm vibrations having a frequency of 91T» The 
flexural vibration of the blade prohably possessed a compo- 
nent having a frequency of 91T a..s well as one having a fre- 
quency of 4ilTt The frequency of 9H probably v/as near the 
natural frequency of a diaphragm vibration. The natural 
frequency of a diaphragm vibration is expected to be high, 
because the transverse dimension of the blade, that is, the 
blade chord, is relatively small. 

In general, the results of test 4 verify thie results 
of the first three tests. 

an d_one_fo ur—b For 
test 5 (fi^-s, 40 to 45), the- blade-passage frequency for 
the front propellor is 8n and the blade— pas sago frequency 
for the roar propellc-r is 6n, Vibrations of the front 
blades at a frequency of 8n v/ere found (figs. 40, 42, and 
44) for each "blade angle, but vibration of the rear blades 
at a freqoncy of 6n v/as detected only once* This fact im- 
plies that the v/ing ahead of the propellers v/as to some 
extent responsible for the vibrations of the front blades 
at a frequency of 8n, The vibratory stresses of the front 
blades at a frequency of 8n did not exceed ±5000 pounds 
per square inch* 

A vibratio» of the front propeller at a frequency of 
3n v/as found once at an engine speed of 1950 rpm (fig» 44); 
this vibration can be attribiited to the presence of the 
wingt It is noted that no v ibrat ion* having a frequency of 
2n ^ras present* This fact implies that the presence of the 
wing reduced the excitation provided by the wake of the sup- 
porting cable. This condition does not seem likely, however 
because the v/ing v/as displaced 50 percent of the propeller 
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radius froni thrust-axis level and the horizontal cal)le was 
relatively close to the dual-rotating propeller. 

The same engine-excited vilirations appeared for test 
5 as for the first four tests; the vihratorjr stresses of 
froq^ixency 4-g-H were some^vhat larger for the rear hlades. 
The engine speeds for the resonance at the freq.uency 4-oI:I 
were again lo^^^er for the front propeller. 

T t _6 ixu 1 ji t ^d_:^^^ 
hollow steel pr opell er s Ho vihrations having the "blade- 
passage frequency of 8n were detected for test 6 (figs. 46 
to 49), Also, nc important vi'crations occurred which can 
be attributed to t ho presence of the wing. A vihration of 
freq.uency 2n , which has been attributed to the wake of the 
horizontr-.l cable, wat not found. 

Engine-excited vibrations occurred as for the first 
five testf:^. ; the 4iil component of vibratory stress was 
greater for tho rear propeller. The engine speeds for the 
important vibration of 4tH were lower for the front pro- 
peller o-j from 50 to 100 rprn. 

Te_s t_7i_siuulate^ 

test 7, the blade-passage freciuencies are 8n and 6n for 
the front propeller and for the rear propeller, respec-^- 
tively. Vibrations at these frequencies appeared for the 
respective propellers (figs. 50 and 51). The flexural 
vibrations at these frequencies were not serious. Dia- 
phragm stresses of frequency 8n v/ere as high, however, 
as ±14,000 pounds per square inch for the front blades 
(fig. 50). Inasmuch as diaphragm stress -s of the sane 
frequency occurred at about the same engine speed for the 
rear blades (fig. 5l), it is expected that much of the ex- 
citation for vibration of tho front blades at a frequency 
of 8n was caused by tho presence of the wing. 

The engine-excited vibratory stresses were quite high. 
The frequency 4-|-lT appears because of torsional oscillation 
of the propeller shaft; the frequency ^-^-'S occurs because 
of the reverse pr opeller-she.i t whirl at a frequency of 
S-IH; the frequency of 4~1T occurs because of the forward 

pr opellor-shaf t whirl at a frequency of S^-IT. • 

T c £ t^_ s i mu iiii s h 

Cur tils hollow steel P?-^ oge 1 1 ers . - The blado-T^as sage ire- 
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quency for tost 8 (figs. 52 to 55) is 8n for "both pro- 
pellers. Vicrations of the front propeller at a fre- 
quency of 8n were detected (figs* 52 and 54). Vibra- 
tions of the rear propeller at this freq^uency may also 
have occurred; fe^7 records taken for an engine speed 
from 1100 to 1200 rpm were analysed for frequency he- 
cause the vibratory stresses were low. It is quite pos- 
sible that the vibration of frequency 8n could be caused 
by the presence of the win^: as v/ell as by blade passages. 

Per this s i inula t e d— pus her tost, a vibration of the 
front propeller at a frequency of 3n was found (fig. 52), 
This vibration is attributed to the vrake provided by the 
horizontal cable mounted cv-iead of the dual— r ot at ing unit. 
For this pusher test, however, it is also feasible that 
the excitation was provided by tho wing# 

Sngino— excited vibrations were present for test 3 as 
for tests 1 to 7. 



COITCLUSIOHS 



The results of vibration tests for tractor and simu- 
lated pusher conditions of six—, seven—, and eight— blade 
dual— r otat ing units coi^posed of propellers v;ith three or 
four blades and operating in a. constricted air stream of 
16— foot diameter indicate the following conclusions; 

1. ?ev/ propeller vibrations caused by blade passages 
were detected; those vibrations found vrere not serious for 
either the tractor or the simulated pusher conditions of 
the dual— r ota t ing propellers. 

2. Although there v/ero indications of vibrations ex- 
cited by the vring displaced 50 p-)rcont of the propeller 
radius below thrust— axis level, the vibratory stresses 
generally v/ere at satisfactorily low levels, 

3. The responses of the front and the roar blades to 
engine excitation v/ere similar; the stresses of the rear 
blades v/ere generally higher, probably because the rear 
propeller was more rigidly coupled to the engine than the 
front propeller. 
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4« Some indications of vibrations excited "by 
pr ope 1 lor — shaf t v/hirl caused hy gas forces v/ere foimd. 

5. The en£;ine— exci ted stresses increased with en^ii^o 
"brake mean effective pressure, and some of those stresses 
reached hit;h values* 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va, 
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TABUS I.- DE3CRIPTI0H OP OROUHD-ADJUSTABLB DUAL-ROTATIHO PR0PELLEH5 



1 

2 
5 
k 



e 



Condition 



Curtlaa 



Pli* Victor 



jHamllton 
Standard 



^ pusher 



Type 



Material 



Hollow 
ateel 

Solid 
aluminum 
alloy 



Curtlas 



Hollow 
steel 



Wumber 

of 
blades 



Three 
Three 
Three 
Pour 



Three 



Pour 



Three 



Pour 



Pront propeller 



Design 



Diameter 



512 Cel. 5-12 

512 Cel. 5-12 

512 Ccl* 5-12 

512 Ccl^ 5-12 

Cel. 5-6 

61I4. Cel. 5-6 



10 ft 0 Ixu 
W 0 



U 
10 



6 
0 



10 0 



10 0 



11 6 



11 6 



of 



Thr«« 
Three 
Four 

Pour 
Pour 
Pour 

Pour 



Ryar propel It 



Deaign 



551 fiol. 5-15 
3156-6 
1M2'6 

551 Col. 5-i5i 



551 Cel. 5-15 



551 Col. 5-15 



615 Col. 5-6 U 



Dl 



9 ft 10| In, 

IK) 2^ 

tl2 6^ 

9 loj 

9 10§ 



615 Col. 5-6 U 7^ 



^4 



O 



2i 



II.- 3TEAIIJ-GAGE LOCAO?I01IS 



Location on "blade 


B lade 


Tip 

(in. from tip) 


Shanl: 
(deg from L»E* at 
42— in. station) 


Side 


Pr ont 
pr ope 1 ler 


F.ear 
pr opeller 


Test 1; tractor condition; tv/o three— "blade Curtiss hollov/ 
steel propellers 


12 
20 
40 
^'12 


0 


Front 
Fr ont 
?r cnt 
Rear 


r 

1,2,3 
1,2,3 

1 

1,2 
1,2 


1,2,3 
1,2,3 

1 

1,3 
1,2 


Test 2; tractor condition; two three-'blade Hamilton 
Standard aluminum— allo;^^ propellers 


5 

8* 
12 
15i 

i - 

i — ^ 


0 
45 
90 

135 


Fr ont 
Pr ont 
Fr ont 
Pr ont 

It ont 
Front 
Fr ont 


1,2,3 

1,2,3 

2,3 

1,2,3 

1,3,3 

1,2,3 
1.2,3 


1 ,2,3 
1,2,3 

2 ,3 
2,3 
1,2,3 
1 ,2,3 
1,2,3 
1,2,5 



Transver selv i/iount ed gages . 



■TABLE II.- STRAIN-GAGS LOCATIOrS - Continued 





Location on blade 


Blade 


— J 

Tip 

(in» j?rom tip) 


S hank 
(deg fron L,S, at 
42— in. station) 


Side 

1 


Front 
pr ope Her 


Hear 
pr opeller 


Test 3; tractor condition; tv/o t hr e e— "b lade Hamilton 
Standard aluiriinum— a llo;^^ propellers 


5i 
9 

12h 
16" 
34 




1 

0 
45 
90 
135 


y 

?r ont 
Front 
Front 
Fr cnt 
Front ' 

Fr ont 
Fr ont 
Fr ont 


1,2,3 
1,2,3 
1,2,3 
1,2,3 

1 

1,2,3 
1,2 ,3 
1,2,3 
1,2,3 


1,2 

1,2,3 

1,2,5 

1,2,3 
]_ 

1,2,3 
1,2,3 
1,2,5 
2 


Test 4; trac 
steel prop 


tor condition; tv/o four— blade Curtiss hollov; 
ellers 


12 
20 
40 
^■12 




0 
45 
90 


Fr ont 
Front 
Fr ont 
Hear 


1,2,3,4 
1,2,3,4 

0,0 

o 
2 
2 


1,2,3,4 
1,2,3,4 

3 

1 

1 






Rear 

Front 








Test d; simulated pusher condition; one 
one four— blade Curtiss hollov steel % 


three— "blade and 
>r ope Her 


12 
20 
40 
^12 




0 
45 


Fr ont 
Fr ont 
Rear 

\ Rear 


a- , d , o 
1,2,3 

1 

1,2 

1 
1 


1,2,3,4 
1.2 

1 

1 











'^'*^?.n3ver s e l;r counted gcige^^ 
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TA3L3 II.- STHAIK-aAC-B LOCATIONS - Continued 



Ii 0 c a t i 0 n on 'o la rl e 


Slade 


2ip 

(in, from tip) 


Shank 
(deg from L»S* at 
42-in • s tat i on ) 


Side 


Ir ont 
pr opeller 


R ear 
pr ope ller 


Test G; siKulated pusher condition; two four— clade Curtiss 
hollov; steel propellers 


12 
20 
40 
^12 


0 


J-r ont 
?r ont 
It ont 
Hear 


1,2,3,4 

2,3,4 

2 

2,3 

2 


1,2,3,4 
1,2 

3 
1 




1 




Test 7; sinulated pusher condition; one three— "blade and 
one four— "clade Curtis 3 hollow steel propeller 


12 
SO 
40 
^12 
^30 


0 


Pr ont 
fr ont 
I'r ont 
Hear 
Hear 


1,2 

1,2,3 

1,2 

1 

1 

1,2 


1,2 
1,2,3 

2 
1 
1 
2 


Test 8; simulated pusher condition; tv.'O four— "blade Curtiss 
hollov; steel propellers 


12 
30 
40 
^12 
^-30 


0 


Pr ont 
I r ont 
I'T ont 
Hear 
P. ear 


1,2,3 
1,2,3 
1,2 
1,2 

1 

1,2 


1,2 
1,2,3 

2 
1 
1 
2 



T-r ans ver 3 e ly mounted. i:a.gr:s , 



TABLE III.- TEST CONDITIOMS 



HACA 



Blade axwles 



Front I R»ar~ 



Bmep 
(Ib/aq In.) 



Engine speed 
(rpm) 



Airspeed 

(mph) 



Test 1; tractor condition; two three-blade Ciirtlss hollow-steel 
propellers 



29.8 
39.7 

5*.9 



29 .u 
58.7 

55.5 



100 

150 

200 

Propeller load 

100 
150 
200 

Propeller load 

100 
150 
200 
100 

Propeller load 
150 



1905 
2500 
2550 
700 

1650 
2 



1850 

1595 
2000 
1210 
700 
1100 



to 2550 
to 2700 
to 2700 
to 2250 
to 2580 
to 2500 
to 2600 
to 114.00 
to 1900 
to 2100 
to 2214.5 
to 1900 
to 1155 
to II420 



105 to 202 
131 to 189 
to 182 
to 125 
to 276 
111 to 270 
269 to 261 

* 35 to 9k 
256 to 267 
lOk to 279 
256 to 288 
III4. to 266 

* to 90 
85 to 271 
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Teat 2t tractor condition; two three-blade Hamilton Standard alvunlnitm- 
alloy propellers 



20.0 
|0.0 

50.0 



19.9 

29*6 

59.3 

UB.9 



100 

Propeller load 

100 
150 
200 

Propeller load 
100 
150 
200 

Propeller load 

100 
150 

200 

Propeller load 

100 
150 

Propeller load 



2300 to 27OQ 
1405 to 2700 
1700 to 2700 
2050 to 2700 
2550 to 2700 
1200 to 1720 

11^5 to 231^5 
1650 to 2625 
1955 to 2700 
1150 to 1400 
1300 to 2195 
1470 to 2390 
I8I4.5 to 2k50 
990 to 1690 
1400 to 1500 
1400 to 1600 
1000 to 1160 



105 to 153 
63 to 1214. 

104 to 252 
125 to 226 
144 to 210 

73 to 105 
101 to 259 
114 to 275 
157 to 27 

82 to 9 
95 to 269 

105 to 280 
160 to 274 

74 to 126 
239 to 267 
222 to 274 

86 to 105 



Test 3; tractor condition; two tht ee -blade Hamilton Standard aluminum- 
alloy propellers 



20.0 
25.0 
55.0 
40.0 



19.9 
24.8 

54.5 
39.3 



100 
150 
200 

Propeller load 

100 
150 

200 

Propeller load 

100 
150 
<;00 

Propeller load 
100 

l-^O 



1870 

2255 
2490 
1000 

1500 

1750 

2060 
1200 
1200 
I30G 
1500 
1000 
1010 
10^0 



to 2695 
to 2700 
to 2700 
to 2650 
to 2695 
to 2700 
to 2700 
to 2000 
to 1950 
to 2050 
to 2120 
to 1240 
to 1690 
to 1750 



121 to 202 
146 to 193 
167 to 184 

65 to 180 
117 to 259 
ikO to 249 
163 to 246 

95 to 162 
l45 to 263 
I4B to 273 
177 to 280 
115 to 153 
140 to 270 
120 to 275 



'S&t lasted values. 



MAC A TABLE TEST CONDITIONS - Ccmtlnuad 33 





Baap 

(Ib/aq In.) 


Engine speed 
(rpai) 


Airspeed 

(■ph) 




"Hut trttotor •ondltion; t»o four-bI«d« Curtlas hollo«-st*«l 

prep«ll«ra 


26.4 
38*7 


25.9 
57.9 


100 
150 
200 

Propaller lo*d 

100 
150 
200 

Propeller load 


2050 to 2700 
2350 to 2800 
2600 to 2800 
900 to 2500 
1400 to 2305 
1^50 to 2^50 
2000 to 2500 

70d to 1350 


98 to 185 
116 to 155 
II+2 to 152 

57 to 121 
124 to 272 
106 to 276 
187 to 265 

k9 to 97 


blada C 


innilated 
'urtlsa h 


pusher condition; one three-blade and one four- 
ollow ateel propeller 


29.8 
59.9 
45.5 


26.1 
37.8 
U2.9 


100 
150 

200 

Propeller load 
100 
150 
200 

Propeller load 
100 
150 
200 

Propeller load 


1950 to 2790 
2365 to 2795 
2695 to 2790 
1200 to 1950 
iklO to 2510 
1600 to 2530 
1755 to 2650 

900 to 1J4J.O 
1410 to 1950 
1K6O to 2100 
1805 to 2205 

900 to ikkO 


101 to 213 

127 to 190 
ihB to 173 

65 to 107 
97 to 270 

115 to 279 
119 to 285 

60 to 99 i 
156 to 26k 

128 to 270 
202 to 276 

66 to 108 


T«at 6; simulate 
steal propelle 


d puaher condition; two four»blade 
rs 


Curtlsa hollow 


26.6 
58.0 


26.3 
37.5 


100 
150 
200 

Propeller load 
100 
150 

200 

Propeller load 


2005 to 2790 
2560 to 2790 
26I4.O to 2780 

950 to 2700 
1I4.IO to 2355 
1550 to 2L.65 
1710 to 2605 

800 to 1500 


109 to 215 
124 to 189 
lixO to 17^ 
to 146 
106 to 274 
113 to 270 
129 to 278 

57 to 104 


Test 7; 
blade 


sisnilate 
Curtlsf 


d puahor condition; one three-blRd< 
hollow steel propeller 


) and one four- 


36.2 


35.0 


100 
150 
200 

Propeller load 


IM.5 to 2465 
1600 to 2b00 
1803 to 27I4.O 
700 to 1350 


109 to 252 i 
119 to. 254 
136 to 270 
51 to 97 


Test 8 
stee! 


[ slaulated pxiaher condition; two foup-biadt 
. propellers 


» Ciirtlsa hollow 


22.1 
34.8 


21.6 

35.0 


100 

150 

?00 

Propeller load 

ICO 

150 

200 

Propeller load 


2155 to 2800 
2655 to 2795 
2780 

550 to 2105 
ll|10 to 2260 
1455 to 2lA5 
1700 to 2510 

700 to 1500 


110 to 174 
137 to 157 
146 
52 to 110 

151 to 251 

iia to 259 

152 to 268 
59 to lOJ 
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Figure 7.- Strain -gagfe positions on Hamilton Standard 
propeller blade j design -^3W2-<^. 
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Figure 10.- Inside view of a flight ring. 
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Figure 1^3. -Maximum composite curves oT vibratory stress for test I. 
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Figs. 14,15 
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Figs. 16,17 
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